The molecular structures of 2,6-diaza-1, 3,5,7-tetraoxaspiro[3,3]heptane (1) and its dinitro derivative, 2,6-dinitro-2,6-diaza-1, 3,5,7-tetraoxaspiro[3,3]heptane (2), were fully optimized without symmetry constraints at HF/6-31G* level of theory. A bisected conformation with respect to the ring is preferred with a C 2 symmetric structure. The density of each molecule in the crystalline state was estimated to 1.12 and 2.36 g/cm 3 using PM3/ VSTO-3G calculations from the molecular volume. The heat of formation was calculated for two compounds at the CBS-4M level of theory. The detonation parameters were computed using the EXPLO5 software: D = 6282 m/s, P C-J = 127 kbar for compound 1, D = 7871 m/s, P C-J = 307 kbar for compound 2, and D = 6975 m/s, P C-J = 170 kbar for 60% compound 2 with 40% TNT. Specific impulse of compound 1 in aluminized formulation when used as monopropellants was very similar to that of the conventional ammonium perchlorate in the same formulation of aluminum.
Introduction
With the advent of computational capabilities, accurate models and simulations of high-energetic, dense materials (HEDMs) have been continuously pursued.
1 Theoretical approach can be taken to evaluate proposed compounds before undertaking a possibly costly and difficult synthesis. Although there are some successful results on HEDMs that can yield large quantities of energy on dissociation or combustion, the development of new energetic models still continues to be the focus of many researches. Among them, nitrogen-rich compounds containing fewer carbon atoms show better energetic capabilities, because they produce large enthalpies of formation, a positive oxygen balance, and large volumes of environmentally friendly N 2 molecule on decomposing.
Since the existence of the highly strained-ring hydrocarbon such as spiropentane was firmly established in the mid-1940s, a number of synthetic routes to its derivatives and related compounds have been developed. 3 Because of highly distorted properties in these compounds, full safety precautions should always be taken in handling them due to their potentially explosive nature. Therefore, it might not be surprising to consider nitrogen-rich compounds with ring strain as explosives. 4 However, they need to contain high thermal and mechanistic stabilities, while at the same time satisfying the increasing demand for higher outcome. In many cases, high performance and low sensitivity appear to be mutually exclusive, that is why many high performing materials are not stable enough to find practical use and many materials with the desired sensitivity do not possess the performance requirements of a material to replace a commonly-used explosive.
5 So far one of the most promising heterocyclic backbones with high-performing energetics is the tetrazole ring compounds.
6
It has been well known that hydrazine and its diamino and methyl derivative, tetrazane and monomethylhydrazine (MMH), are useful as a solid rocket motor due to the great amount of enthalpies of formation and proton affinities.
7
Study also showed that the major use of dinitrogen tetraoxide (NTO) was a self-igniting molecule.
8 So far the mixture is currently used in liquid-fueled rockets. Therefore, it will be possible to design new solid rocket propellants by combining highly strained nitrogen-rich ring system with the characteristic of dinitrogen tetraoxide and hydrazine analogue within a molecule. In the present study, we evaluate and predict the suitability of 2,6-diaza-1,3,5,7-tetraoxaspiro[3,3]heptane and its dinitro-substituted compound, 2,6-dinitro-2,6-diaza-1,3,5,7-tetraoxaspiro[3,3]heptane, as potential energetic materials using a theoretical method. The structures, energetic properties, detonation and combustion parameters of the compounds will be presented. We will also demonstrate that these models may be promising candidates as new energetic materials based on relatively small molecules.
Results and Discussions
Using the Gaussian G03W (revision B.03) program package, all calculations for structures and energies were performed. [9] [10] [11] [12] [13] In order to obtain accurate enthalpies and free energies, we applied the complete basis set (CBS) method of Petterson and coworkers. With a HF/3-21G(d) structure optimization, CBS-4 begins by computing the zero pont energy, it then uses a large basis set SCF calculation as a base energy, and a MP2/6-31+G calculation with a CBS extrapolation to correct the energy through second order. To approximate higher order contributions, a MP4(SDQ)/6-31+(d,p) calculation is employed. Here we applied the modified CBS-4M method (M refers minimal population localization) including some additional empirical corrections. 14, 15 To estimate the highest possible density in the crystalline state of the model compounds, semi-empirical PM3/VSTO-3G calculation by scaling the computed molecular volume is used.
16
The detonation parameters were calculated using a EXPLO5 (version 5.04) computer program. [17] [18] [19] [20] The program is based on the chemical equilibrium, steady-state model of detonation. The calculation of the equilibrium composition of the detonation products is done by applying modified White, Johnson and Dantzig's free energy minimization technique. The program is designed to enable the calculation of detonation parameters at the Chapman-Jouguet (C-J) point.
Based on assumptions (i) the constant pressure in the combustion chamber and the chamber cross-section area, (ii) the applicable energy and momentum conservation equations, (iii) the zero velocity of the combustion products at the combustion chamber, (iv) no temperature and velocity lag between condensed and gaseous species, (v) the isoentropic expansion in the nozzle, the theoretical rocket performances were calculated. Using the EXPLO5 software, the combustion calculations were carried out under isobaric conditions.
Structures. Because of the existence of a spiro carbon atom, a bisected conformation is preferred with respect to the ring. The molecular structures of CH 2 N 2 O 4 and its dinitro compound, CN 4 O 8 , were fully optimized without symmetry constraints at HF/6-31G* level of theory to give a C 2 symmetry (Fig. 1 ). The tetrahedral carbon representing the spiro-centre has external bond angle with mean value of 117.7 o and internal one is found to be 93.9
o . These values are far from the perfect tetrahedron, due to the fact that the carbon is included into a less flexible and more strained ring. Energetic Properties. The enthalpy of formation of a gasphase molecule was computed according to the atomization energy method. Based on the existence of vibrationally stable minimum on the potential energy hypersurface and considering the lowest energy isomer, computed molecular volumes was obtained using semi-empirical PM3/VSTO-3G calculations. It is well established that the computed molecular densities correlate well with the highest observed experimental densities. 16 As shown in Table 1 
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In this regard, CN 4 O 8 compound would be a good candidate as an explosive with reasonable detonation pressure and velocity. It will be worth to point out that the nitro group in nitro-substituted spiro compound not only allows a molecule to self-oxidize, but it can also react to make elemental nitrogen, liberating energy as it does so. However, the increased nitro content of a parent molecule increases its enthalpy of combustion or decomposition on a molar basis but not on a gram basis; that is, the mass of the poly-nitro compound increases proportionately faster than its enthalpy of reaction.
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Because CN 4 O 8 compound is also an oxidizer with the positive oxygen balance, the value should be close to zero by using a negative oxygen balance material to be an explosive. Explosive trinitrotoluene (TNT) has an oxygen balance of ca. −74%, accordingly it needs an oxidizer. Table 2 shows that detonation parameters for the neat 2,6-dinitro-2,6-diaza-1,3,5,7-tetraoxaspiro[3,3]heptane (CN 4 O 8 ) with TNT formulations in which the TNT content has been varied in order to achieve optimal performance.
The increased TNT content of a parent molecule increases its detonation pressure and velocity, but decreases detonation volume proportionately. A formulation of 40% TNT stands for better predicted detonation parameters with the detonation pressure of 170 kbar, the detonation velocity of 6975 m/s, and the detonation volume of 713 L/kg. As shown in Table 1 Combustion Parameters. For a solid rocket propellant, the combustion products into space (or atmosphere) is freely expanded at constant pressure, as one can assume. Therefore, the combustion proceeds as isobaric, of which ΔU = Q p − pΔV is a good approximation. 30 In this study, we assumed firing the rocket motor against ambient atmosphere as it is commonly the case for tactical missiles.
From the analysis of the expansion of the combustion products through the nozzle, the theoretical characteristics of the rocket motor propellant may be derived. The parameters in the combustion chamber and the isoentropic expansion through the nozzle should be obtained in the calculation of the theoretical rocket performance. The options that composition of combustion products remains unchanged and is in instantaneous chemical equilibrium during the expansion through the nozzle are provided by the EXPLO5 code. Table 3 summarized the combustion parameter of the neat propellants covalent CH 2 N 2 O 4 used as monopropellants and The results also show that a formulation of 30% Al gives optimal performance from the comparison of the same formulation of AP/Al. The change of the impulse per propellant mass unit is described as the specific impulse I sp * , which is an important parameter for the characterization of rocket propellants and can be interpreted as the effective exhaust velocity of the combustion gases when exiting the expansion nozzle. The specific impulse and heat of isobaric combustion of the same formulation of covalent CH 2 N 2 O 4 with Al are slightly lower than those of the AP/Al formulation. The specific impulse of 80% H 3 N 3 O 3 and 20% Al formuation is much higher than that of the 70%/30% of CH 2 N 2 O 4 /Al. 28 A 30% Al formulation mixture may be the most promising candidate as environmentally benign oxidizer to be used in solid rocket motors.
31 Typical values for the specific impulse of solid boosters are 250 s, whereas for bipropellants they are found at approx. 450 s. 30 In that regards, a 70% CH 2 N 2 O 4 and 30% Al mixture may be useful as solid rocket motors. Monopropellants are endothermic liquids, which decompose exothermically in the absence of oxygen. They possess a relatively small energy content and are only used in small missiles and small satellites (I sp * (hydrazine) = 186 s). To be solid rocket motors, they should be chlorine or perchlorate-free, close to 2.0 g/cm 3 in density, low vapor pressure, and less sensitive than PETN (pentaerythritol tetranitrate). Therefore, our results indicate that a formulation of 30% Al might be the promising candidate for solid rocket motors.
Conclusions
From this theoretical study on 2,6-diaza-1,3,5,7-tetraoxaspiro [3, 3] heptane and 2,6-dinitro-2,6-diaza-1,3,5,7-tetraoxaspiro[3,3]heptane, it can be concluded: (i) the suggested 2,6-diaza-1,3,5,7-tetraoxaspiro[3,3]heptane molecule shows comparable detonation parameters to RDX. (ii) formulation of 60% 2,6-dinitro-2,6-diaza-1,3,5,7-tetraoxaspiro[3,3]heptane with 40% TNT gives the best results as explosives. (iii) the specific impulse of the chlorine and perchlorate-free formulation of 70% of 2,6-diaza-1,3,5,7-tetraoxaspiro[3,3]-heptane with 30% of aluminum shows similar calculated performances to those of the conventional AP/Al formulation. All the results obtained should encourage synthetic works to prepare on a laboratory scale and to evaluate their properties experimentally, first and foremost their thermal stability. 
